We have found a large magnetostriction of 1 Â 10 À3 for FSMA (ferromagnetic shape memory alloy) Fe-29.6 at%Pd ribbon of 70 mm thickness prepared by rapidly solidified melt-spinning. The ribbon contains FCT martensite twins at room temperature. The magnetic field induces a strain caused by conversion of variants in the FCT martensitic phase. This strain and shape recovery ratio increase with temperature and the former reaches a maximum value at 380-400 K, though FCT-FCC transformation temperature of the single crystal is 293-307 K. In order to confirm of this phenomenon, we investigated the phase transformation behavior of the ribbons by DSC, magnetization measurement and an acoustic elastometer method. During heating and cooling, the modulus defect ÁM=M and damping Q À1 of the as-spun ribbon sample exhibit tow-step (330-350 K and 400-420 K) phase transformation. From these results, it is found that the low-temperature FCT-FCC transformation is consistent with the value obtained from a single crystal of Fe-29.6 at%Pd. On the other hand, the high-temperature transformation, which is due to local residual strains, is peculiar to rapidly solidified ribbon.
Introduction
The ferromagnetic shape memory alloy (FSMA) Fe-Pd is expected to be useful as a magnetic-field-drive sensor/ actuator material for micromachines and intelligent/smart material systems. The FMSA exhibits a large strain caused by the initiation of martensitic twining and its movements, i.e., a new type of mangetostriction. 1) Although Fe 7 Pd 3 singlecrystal 2, 3) and Fe 7 Pd 3 polycrystalline bulk 4) samples exhibit large magnetostriction, face-centered tetragonal (FCT)-facecentered cubic (FCC) transformation temperatures are lower than room temperature. In previous studies, 5, 6) we showed that a rapidly solidified Fe-29.6 at%Pd alloy ribbon prepared by the melt-spinning method has stronger crystal anisotropy and giant magnetostriction of 1:0 Â 10 À3 at room temperature with a good shape memory effect. The magnetostriction of this ribbon is 10 times as large as the polycrystalline bulk value.
Figure 1(a) shows the temperature dependences of the magnetostriction in a magnetic field of 400 kA m À1 and the shape recovery ratio of as-spun ribbon. 5, 6) The magnetostriction obtained by the strain-gauge method increases with temperature, from 3:2 Â 10 À4 at room temperature to 7:0 Â 10 À4 at 376 K. In the range of T > 376 K, the magnetostriction decreases and suddenly falls to 1:6 Â 10 À4 . We consider that this phenomenon is closely related with the mobility of the martensite twin boundary, that is, the mobility of twin boundaries is activated under the starting austenite transformation temperature. Since magnetostriction of the ribbon is not saturated only by applying magnetic field of 400 kAm À1 , a maximum strain arises near the FCT-FCC transformation temperature. 3, 7) From the results, the starting and finishing FCT-FCC transformation temperatures, A s and A f , of the ribbon are found to be 376 K and 450 K, respectively. Moreover, the shape recovery ratio È T =È 300 increases with temperature, where È 300 and È T are the diameters of curled ribbon at 300 K and T K, respectively (see Fig. 1(b) ). The rapid change in È T =È 300 is found in temperature ranges of 300-330 K and 380-420 K. These results suggest that the ribbon exhibits a two-step phase transformation from the FCT martensite phase to the FCC austenite phase. The FCT-FCC transformation occurring at 300-330 K is consistent with the transformation temperature of a single crystal. 8) In the present study, to confirm the two-step transformation of the rapidly solidified Fe-29.6 at%Pd ribbons, we investigated the mechanical properties of the modulus defect, ÁM=M and damping (Q À1 ) of the ribbon samples, using an acoustic elastometer (Vibran Technologies, Inc.). These properties undergo large changes in the vicinity of the phase transformation temperature. Measurement by differential scanning calorimetry (DSC) also was carried out for the same ribbons. DSC reveals only the low-temperature FCT-FCC transformation. On the other hand, the data obtained with the elastometer shows the two-step (low and high temperature) phase transformations.
Moreover, we investigate magnetization vs temperature curves of Fe-29.6 at%Pd ribbons which have low and high susceptibilities in the FCT and FCC phases, respectively.
Experimental Procedure
Ingots of Fe-29.6 at%Pd alloy were prepared from electrolytic iron (99.98%) and palladium (99.998%) metals by arcmelting in an argon atmosphere. Ribbon samples 70 mm thick were produced from the ingot using the electromagnetically controlled single-roll melt-spinning apparatus designed in this laboratory. 5, 6) The sample was spun onto an iron wheel in an argon atmosphere. The composition of the ribbon was checked with an electron probe microanalyzer (EPMA). After that, some samples were annealed at 1173 K for 0.5 h and subsequently quenched into icy water. The structure of the ribbon was analyzed by X-ray diffraction (XRD). Microstructural surface observations were performed using SEM. Since the FCT-BCT transformation arises at 213 K, 9) DSC measurements for as-spun and annealed samples were taken between 220 K and 423 K. The variation of magnetization M in an applied magnetic field H of 40 kAm À1 was measured by VSM during heating and cooling processes in the temperature range between 243 K and 473 K. The modulus defect and damping of the as-spun and annealed ribbon samples were measured using the elastometer between 273 K and 473 K and between 273 K and 518 K, respectively.
The elastometer is based on an inductance-capacitance circuit. A general view of the system comprising the oscillator, the sample holder, the sample to be measured and the electrode, is shown in Fig. 2 . The oscillation frequency, f , of the LC circuit can be expressed as a function of the total capacity C and inductance L:
The inductance of the circuit is kept constant during the measurement. Assuming that the change in the total capacity of the circuit is the result of only the change in the capacitance due to the change in the distance between the electrode and the cantilever, it follows that the frequency, f , is a measure of the cantilever's displacement. The damping of the sample and modulus defect can also be expressed as 10)
where the quantities A N , A Nþ1 , f 0 , and f ðtÞ represent the amplitudes of the N-th and (N þ 1)-th cycles, and initial and final frequencies, respectively. Figure 3 (a) is the SEM image of the roll-free surface of the as-spun Fe-29.6 at%Pd ribbon (sample I). There are FCT martensite twins in grains of 2-3 mm. The size of twin bands is about 300 nm. As-spun ribbon (sample I) was cooled to 77 K in order to obtain the BCT martensite phase. Figure 3(b) is the image, obtained at room temperature, of the ribbon (sample II) after cooling to 77 K. There are grains with FCT martensite twins and a bamboo-leaf-type BCT martensite phase as indicated by a circle in Fig. 3(b) . In some grains of sample II, two types of martensite phases coexist at room temperature. In Fig. 3 , it is seen that the size of twin bands increases with grain size. Figure 4 shows XRD patterns of Cu-K 1 , with cutting of K 2 , for (a) sample I, (b) annealed ribbon (sample III) and (c) sample II. XRD peaks in Figs. 4(a) and (b) obtained from roll-free and roll-contact surfaces show that samples I and III mostly consist of FCT and FCC structures. Moreover, the roll-free surfaces of the two samples exhibit strongly [100]-oriented texture. On the other hand, the tendency becomes weak in roll-contact surfaces because the strength of (200) peaks decrease. Consequently, magnetostoriction obtained from roll-free surface for the samples I and III is larger than that obtained from other surfece. The amount of FCT structure increases after short annealing.
Results and Discussion

Microstructural observations
XRD peaks in Fig. 4(c) indicate that sample II consists of BCT and FCT structures. From the results, it is found that the transformation from FCT to BCT occurs during cooling to 77 K. Cui et al. 9) observed that the BCT martensite structure remains even after the sample is heated to 523 K. Figure 5 shows the results of DSC measurement with a rate of heating or cooling of 5 K/min for as-spun (sample I) and annealed (sample III) ribbons. Heat flow peaks for a heating and cooling processes are observed in the temperature range of 282 to 313 K for the two samples. They exhibit FCT-FCC phase transformation. As shown in Fig. 5(b) , the peaks for the annealed ribbon are sharp. On the other hand, clear peaks are not observed in the high-temperature range. Figure 6 shows the magnetization M vs temperature T curve of as-spun and annealed ribbons in an external magnetic field of 40 kA m À1 in the temperature range of 243 K (FCT martensite phase) to 473 K (FCC austenite phase). During heating and cooling processes, the dependence of magnetization on temperature for both ribbons rapidly changes in the range of 290 to 310 K, which is comparable to the FCT-FCC phase transformation temperature obtained by DSC. On the other hand, there are small discontinuous steps in the case of the as-spun ribbon in the high-temperature range near 370 K. These phenomena are (111) FCT (200), (020) FCC (200) FCT ( caused by the susceptibility of the FCT martensite phase being lower than that of the FCC austenite phase. The magnetization decreases with increasing temperature because spins fluctuate thermally near the Curie temperature of 575 K for these ribbons. Figures 7 and 8 show the temperature dependence of (a) typical modulus defects, ÁM=M, and (b) damping Q À1 for Fe-29.6 at%Pd as-spun (sample I) and annealed (sample III) ribbons. During heating, as shown in Figs. 7(a) and 8(a) , the modulus defect decreases and reaches a minimum at 336 K and 311 K, respectively, that is, the FCC austenite starting temperature (A s ). Then, it increases. During cooling, the modulus defect decreases and reaches a minimum at 293 K and 285 K, respectively, that is, the FCT martensite finishing temperature (M f ). With heating, as shown in Fig. 7(a) , there is also a change in the slope of the modulus defect curve above 400 K.
FCT-FCC transformation
As shown in Fig. 7(b) , during heating and cooling, the damping peaks appear at 336 K and 403 K, and at 366 K and 288 K, respectively. On the other hand, the large peaks in Fig damping maximum, where the atoms become mobile, is characteristic of SMA transitions and suggests the A s or M f phase transformation.
These results are summarized in Table 1 . From the results, it is found that the as-spun ribbon undergoes a two-step, low and high temperature, phase transformations. On the other hand, the annealed ribbon exhibits only the low-temperature transformation of 328 K (A s ) to 364 K and 298 to 289 K (M f ), that is, the FCT-TCC phase transformation. FCT-FCC transformation temperatures (A s and A f ) of the two ribbons during the heating process, obtained using the elastometer, are higher than the values obtained by DSC. The reason is the position of the thermocouple near the heater.
From the above results, it is found that as-spun ribbon undergoes two-step phase transformations: FCT-FCC phase transformation in the temperature range of 280-310 K, and the FCT-FCC transformation in the temperature range above 360 K. This is due to the presence of the FCT martensite phase which is stable at high temperatures because of the effect of local residual strain.
8) The high-temperature transformation is peculiar to the rapidly solidified ribbon.
Conclusions
We investigated the phase transformation behavior of rapidly solidified Fe-29.6 at%Pd ribbon by DSC, magnetization measurement and an elastometer method. The main conclusions are as follows,
(1) DSC exhibits FCT-FCC phase transformation at 282 to 313 K. The dependence of magnetization on temperature for the ribbons exhibits a rapid change at the FCT-FCC transformation temperature because of a difference in susceptibility between FCT martensite and FCC austenite phases. (2) Mechanical properties of the modulus defect ÁM=M and damping Q À1 of as-spun ribbon show drastic changes during the two-step (low and high temperature) phase transformations. (3) The as-spun ribbon undergoes two-step phase transformations: the low-temperature FCT-FCC transformation corresponds to that of the single crystal and the high-temperature FCT-FCC transformation, which is due to the effect of local residual strain, is peculiar to the rapidly solidified ribbon. 
